However, literature pertaining to the optimal management and clinical outcome of intended durotomy in the MIS setting is scarce. In contrast to unintended durotomies, intended durotomies are purposely introduced to gain access to intradural pathologies. The size of intended durotomies is often larger than unintended durotomies, and thus more likely to cause postoperative complications if not properly managed. In this study, we describe our experience with intended durotomies in a consecutive series of patients who underwent MIS for intradural pathologies within a 7-year period, along with a review of the pertinent literature.
Methods

Study Population
A retrospective review of a prospectively collected database was performed. Patients who underwent MIS for various intradural spinal pathologies performed by the senior author (J.E.O.) between November 2006 and July 2013 were identified. Patient demographics, preoperative records, operative notes, and postoperative records were reviewed. Primary outcomes included operative time, estimated blood loss, length of postoperative bed rest, length of hospital stay, and postoperative complications. In particular, CSF-cutaneous fistula, postoperative headache/nausea/vomiting/diplopia, symptomatic pseudomeningocele, and need for reoperation had been prospectively noted for this patient cohort.
Surgical Technique
All surgeries were performed using tubular retractor systems under microscopic magnification. A 22-mm, 26-mm, X-tube, or Quadrant retractor (Medtronic Sofamor Danek) was used depending on the size of the target pathology. A unilateral approach was taken in all cases, with the side that the tubular retractor was docked on based on asymmetry of the pathology. As described elsewhere, 9, 13, 19, 31 a hemilaminectomy with undercutting of the spinous process and contralateral lamina allowed for exposure of the complete dorsal dural surface. A longitudinal durotomy was made sharply, and the dural edges tacked up with sutures. The tack-up sutures were pulled though the tube and maintained in place with a hemostat. The intradural portion of each procedure employed typical microsurgical techniques. After addressing the intradural lesion, a commercially available, specialized set of dural repair instruments ( Fig. 1) was then used for primary dural closure (Fig. 2) as previously described. 24 The tacking sutures were not used for dural closure, but the holes from the tacking sutures were incorporated into the durotomy repair. In all cases, the primary dural repair was completed using simple running sutures with either 4-0 neurolon, 5-0 prolene, or 6-0 Gore-Tex (Ethicon). The minimally invasive dural repair kit includes two modified needle drivers, a bayoneted Chitwood Knot Pusher, and modified suture scissors (Scanlan International, Fig.  1 ). Suture tying was performed by throwing each knot outside the tube, and then pushing each tie down slowly with the specialized knot pusher. If the repair was not watertight after a Valsalva maneuver, a small piece of locally harvested paraspinal muscle was sutured in place to buttress the dural defect. The dural repair was then followed with application of fibrin glue. After allowing the fibrin glue to congeal, the tubular retractor was then slowly removed, and meticulous hemostasis in paraspinal muscles was achieved with bipolar coagulation. Interrupted, absorbable fascial and subcutaneous sutures were placed followed by Dermabond (Ethicon). No lumbar or subfascial drains were used. The patients were kept on bed rest for less than 24 hours and were allowed to fully mobilize on the morning of postoperative Day 1. A video is provided (Video 1) to demonstrate MIS dural closure techniques with the dural repair instruments. 
Results
Twenty-three patients were identified who had undergone MIS for intradural pathologies during the study period ( Table 1 ). The mean follow-up duration was 86.1 weeks (range 12-296 weeks). The mean age at surgery was 54.4 years (range 30-74 years). Fifteen patients (65.2%) were female and 8 patients (34.8%) were male. Surgical pathologies (Table 1) included neoplastic (17 patients), congenital (3 patients), vascular (2 patients), and degenerative (1 patient). The most common spinal region treated was the lumbar region (11 patients), followed by thoracic (9 patients), cervical (2 patients) and sacral (1 patient) regions. The mean operative duration was 161.1 minutes, and the mean estimated blood loss was 107.2 ml. All patients were allowed full activity less than 24 hours after surgery; the average length of stay was 78.2 hours ( Table 2 ). The surgical objective was accomplished in each case. Specifically, gross-total resection was achieved for each neoplasm and angiographic obliteration was achieved for the dural arteriovenous fistulas (DAVFs). All patients with preoperative neurological deficits improved or stabilized. There were no cases of postoperative neurological worsening or other relevant perioperative complications. The rate of postoperative headache, nausea/ vomiting, and diplopia was 0%.
A postoperative MR image was obtained in all patients who underwent MIS intradural surgery at 6-weeks follow-up. Due to variability in patient compliances and MRI scheduling logistics, the actual timing of postoperative MR images in this cohort ranged from 4 to 12 weeks after surgery (mean 6.4 weeks). In each case, a miniscule fluid collection of variable size was noted immediately at the laminectomy site (Fig. 3) . None of these collections, however, extended into the dorsal paraspinal musculature, consistent with the occlusion of dead space from muscle reapposition unique to the MIS approach. No pseudomeningoceles manifested by fluid collection outside the immediate laminectomy defect were noted in this cohort. Clinically, we defined "symptomatic pseudomeningocele" as any clinical symptom that could be attributed to CSF leak from the intended durotomy site, including postoperative positional headache, nausea, vomiting, diplopia, and sometimes even localized pain/discomfort in the surgical site if a large pseudomeningocele was present. No case of CSF-cutaneous fistula or symptomatic pseudomeningocele was identified at follow-up, and no patient required revision surgery for either residual/recurrent pathology or CSF-related issues. The majority of the patients experienced improvement from their presenting symptoms with only those patients having mild symptoms demonstrating no change in symptoms during the follow-up period. No patient experienced worsened symptoms or new neurological deficit after surgery.
Discussion
Intradural spinal pathologies such as spinal meningiomas, spinal nerve sheath tumors, and spinal DAVFs are traditionally treated with muscle-stripping open approaches with full laminectomies to obtain adequate surgical exposure. With the continued advancement in MIS technology and the growing familiarity of MIS techniques among spine surgeons, increasing numbers of intradural pathologies are treated via the MIS approach in recent years. 6 ,9,10,1 3, 16, 19, 22, 27, 30, 31 However, achieving watertight dural closure with an MIS approach can be very challenging. Because of the limited surgical corridor through the tubular retractors, standard surgical instruments are often too bulky and difficult to maneuver. Failure to achieve watertight dural closure not only can increase the incidence of spinal headache, nausea, and vomiting immediately after surgery, 23, 28, 33 but may also predispose patients to more serious postoperative complications such as CSF leakage, CSF-cutaneous fistula, pseudomeningocele, wound infection, meningitis, and even intracranial hemorrhage. 1, 14, 17 Some methods of MIS dural closure have been described in the literature. Chou et al. 4 reported a technique for MIS primary dural repair using a micropituitary rongeur as the needle holder in combination with a laparoscopic knot pusher commonly used in arthroscopy. The authors cleverly improvised with commonly available instruments to achieve primary dural closure. However, in addition to the awkwardness of using instruments not designed for this purpose, one theoretical risk with this technique is slippage of the laparoscopic knot pusher because it does not lock around the suture. Park et al. 20 recently reported their experience with the U-clip (Medtronic) for primary dural closure in 2 patients who had undergone intradural tumor resection. The U-clip is a self-closing device that was originally designed for coronary arterial anastomosis. There is no need for knot tying with this technique, which is a major advantage in the setting of MIS. However, the U-clip system still requires passing of the U-clip needle with an instrument to approximate the dural edges. The U-clip is also available in multiple sizes and choosing the appropriate size can be difficult. The releasing mechanism of the U-clip is also unfamiliar to most spine surgeons. Furthermore, 1 of the 2 patients developed a pseudomeningocele on postoperative MRI. It is also unclear how the metal in the U-clip may affect postoperative MRI used for screening for recurrent tumors, for example. Timothy et al. 29 reported their experience with nonpenetrating titanium clips for primary dural closure in 58 patients who underwent open (non-MIS) resection for intradural lesions. Eight (13.8%) of the 58 patients developed CSF leakage at an average of 8 days after surgery, which then required additional intervention. The application of the nonpenetrating titanium clips in MIS has not been reported to our knowledge, and its efficacy has yet to be demonstrated. However, the rate of postoperative CSF leakage with this method in the open surgical series is worrisome.
Tredway et al. 30, 31 described an MIS dural closure technique using endoscopic instruments and a similar Chitwood Knot Pusher (as described here) in their series of 6 and 3 patients undergoing MIS intradural tumor resection and MIS spinal cord untethering, respectively, with a low incidence of postoperative CSF leakage. Modifications to these instruments and techniques have led to our preferred method of primary dural closure as described here in our series of 23 patients. The modified needle drivers allow adequate visualization and maneuvering through the tubular retractors. The Chitwood Knot Pusher securely captures the suture and allows facile tying of knots. These types of instruments demonstrate ease of use with practice and should prove valuable for spine surgeons who routinely encounter intended or incidental durotomies in the MIS setting. None of the patients in our series experienced postoperative headache, nausea/ vomiting, or CSF leakage, which demonstrates both the efficacy of dural closure with this method as well as the reduced rate of durotomy-related CSF complications in MIS, likely due to smaller fascial and skin openings and the reapposition of normal paraspinal tissues after retractor removal.
Another strategy commonly used in the management of durotomies is a period of immobilization and bed rest. Traditionally, a period of bed rest ranging from 2 to 7 days has been recommended. 11, 32 Radcliff et al. 23 recently conducted a retrospective review in a cohort of 42 patients with incidental durotomies after laminectomies. They found that prolonged bed rest (> 24 hours) is associated with an increased risk of medical complications, and there is no benefit in reducing complications related to CSF leakage or the need for revision surgery. Hodges et al. 11 reported their experience with 20 patients with incidental durotomies after open spine surgery treated with primary dural closure and fibrin glue, with immediate mobilization and no postoperative bed rest. Five (25%) of the 20 patients experienced headache, nausea, or tinnitus after immediate mobilization. Than et al. 28 recently reported on 5 patients with incidental durotomies during MIS procedures that had primary dural repair and early mobilization (< 48 hours). None of the patients developed symptoms after mobilization. These investigators attributed their favorable result to decreased dead space associated with the MIS approach. In our series, we elected to have patients on bed rest only overnight (< 24 hours) and observed no untoward clinical consequences as a result. The elimination of bed rest altogether may be feasible using these techniques, but postoperative pain may ultimately determine the ease of very early ambulation (only overnight bed rest with mobilization the next morning; < 24 hours) in this patient population.
Other adjuncts in the management of durotomies include fibrin glue, muscle patch, dural patch, 8 subfascial drain, 12, 15 subarachnoid drain, 29 CT-guided percutaneous fibrin glue patch, 21 and epidural blood patch. We routinely use an intraoperative Valsalva maneuver to check for watertight closure after primary dural repair. If an area of leakage is noticed, a small piece of locally harvested muscle can be used to buttress the defect. We routinely use fibrin glue after primary dural closure to reinforce the dural repair site.
In our series, excellent clinical results were achieved with MIS primary dural repair techniques augmented with fibrin glue and early mobilization (< 24 hours). The size of the tube selected largely depended upon the size of the intradural pathology. Typically, we select a tube diameter that is approximately 5-10 mm larger than the durotomy needed to adequately access the intradural pathology and still allow working room for a watertight dural closure. Therefore, selected tube diameter is slightly larger than intended durotomy length, which is slightly larger than intradural pathology length. The tube depth ranged from 4 to 8 cm. Longer tubes present a slightly greater technical challenge for any MIS case given the more restricted working angles for maneuvering surgical instruments. However, this difference is not insurmountable and the lengths of the dural repair instruments, in particular, are adequate for even the longest tubular retractors.
The rate of postoperative headache, nausea, vomiting, and diplopia was 0%. No case of CSF-cutaneous fistula or symptomatic pseudomeningocele was identified at follow-up, and no patient required revision surgery. Obvious limitations of this study include its retrospective nature, the relatively small number of patients (although this is the largest single series of intradural MIS cases reported to date), and the absence of a control group of open intradural cases to which CSF-related complication rates could be compared. Nevertheless, we feel this type of preliminary data supports the safety and efficacy of the techniques described in carefully selected patients.
Conclusions
In this consecutive series of 23 patients undergoing elective MIS intradural spinal surgery, successful primary dural repair was achieved with early mobilization and no incidence of complications attributable to the intended durotomy. The need for watertight dural closure should not be viewed as an impediment to the use of MIS techniques in the treatment of intradural spinal pathology. 
